, and that the two sites cooperate. Hence, calmodulin can bridge two binding domains, anchoring helix A of one subunit and to helix B of another subunit, in this way influencing the function of Kv7.2 channels.
Introduction
Calmodulin (CaM) is a ubiquitous Ca 2+ sensor that enables target proteins to react to changes in intracellular Ca 2+ (Jurado et al., 1999; Saimi and Kung, 2002) . It is generally thought that the interaction of CaM with its targets is so stable that it can be detected by classical techniques, such as yeast two-hybrid assays, co-immunoprecipation, etc.
( Erickson et al., 2001; Yus-Nájera et al., 2002; Ziechner et al., 2006) . However, it is conceivable that the formation of such stable complexes is complemented by transient interactions of physiological relevance difficult to detect by "classical" biochemical or biophysical approaches and thus, alternative assays may be required to detect such elusive interactions. Here we use competition and complementation assays to Kv7.2 subunits are the main component of the neuronal M channel, a noninactivating voltage-dependent potassium conductance that operates in the subthreshold voltage range of action potential generation, which may also contain Kv7.3-5 subunits (Maljevic et al., 2010) . Significantly, reducing the availability of free calmodulin (CaM) in hippocampal neurons decreases the M-current density and increases neuronal excitability (Shahidullah et al., 2005) . The CaM binding domain of Kv7 channels is made up of two discontinuous sites that display a high probability of adopting an alpha helix configuration (helix A and helix B; (Yus-Nájera et al., 2002; Wen and Levitan, 2002; Wiener et al., 2008) ). Mutations in site A that interfere with CaM binding, some of which are linked to BFNC familial convulsions (Moulard et al., 2001; Richards et al., 2004) , cause ER retention, and elevated CaM levels restore ER-exit of a BFNC-causing mutation (Etxeberria et al., 2008) . CaM also regulates other important functions of Kv7 channels, such a Ca 2+ dependent inhibition and assembly (Selyanko and Brown, 1996; Gamper and Shapiro, 2003; Gamper et al., 2005; Ghosh et al., 2006; Shamgar et al., 2006) . Although the evidence available suggests that CaM controls channel trafficking, a direct demonstration that CaM aids their surface expression in mammalian cells is lacking.
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We recently reported that a mutation in helix B (S511D) of Kv7.2 that appears to impair CaM binding still renders functional channels (Yus-Nájera et al., 2002; GomezPosada et al., 2011) . We postulated that CaM may indeed interact with Kv7.2 S511D channels through the intact helix A or at other sites, although through a transient interaction that cannot be detected in biochemical assays, allowing the mutant subunit to traffic to the plasma membrane. Here, we have tested this hypothesis and we show that the helix B S511D mutant can indeed interact directly with CaM, and that the surface expression and function of these mutants is enhanced after CaM overexpression.
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Results
We have previously shown that introduction of a mutation in helix B (S511D) WT channels yielded a maximal density of 37.3 ± 4.6 pA/pF (n = 6, data not shown).
This result was unexpected, since homomers of this mutant and WT channels are functionally indistinguishable when expressed in Xenopus oocytes (Gomez-Posada et al., 2011) . A clue to explain this disparity came recently when the influence of the elevated endogenous CaM levels on Kv7.2 function in oocytes was highlighted (Etzioni et al., 2011) . Alternatively, the difference in CaM-dependency between Xenopus oocytes and HEK293 cells may arise from distinct post-translational modifications of the channel, such as phosphorylation of the CaM binding site by PKC (Kosenko et al., 2012) or modifications of CaM, such as CK2-dependent phosphorylation (Bildl et al., 2004) . The CaM concentration in oocytes has been estimated to be ~34 µM (Cartaud et al., 1980) , 36% higher than in HEK293 cells (Black et al., 2004) . However, the amount of CaM available is significantly lower, perhaps submicromolar, since most is already complexed with a target (Black et al., 2004; Sanabria et al., 2008) . Consistent with the theory that the counterintuitive behavior of the S511D mutant is due to the presence of functional CaM binding sites, we found that increasing CaM levels restored the function of this mutant channel (Fig. 1) . We found that CaM1234, a CaM mutant that does not bind Ca 2+ and that is less efficient at supporting Kv7.2 ER exit than WT CaM (Etxeberria et al., 2008 ) also restored S511D function. Consistent with the restoration of 1A) and, moreover, another helix A mutant, I340E, could not be rescued by CaM (data not shown, n = 10). These mutations are equivalent to those presumed to completely abolish the interaction of CaM with the IQ motif of other proteins (Zühlke et al., 2000; Prichard et al., 1999) and thus, the interaction with helix A appears to be critical for Kv7.2 function.
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We further tested the impact of mutations in helix A by analyzing the I340A mutant, which retains a residual CaM interaction that can be detected by Co-IP or in vitro interaction assays (Etxeberria et al., 2008; Alaimo et al., 2009) . Like the S511D mutant, the I340A mutant channel did not yield detectable currents when expressed in HEK293T cells, although measurable currents were observed on elevation of the CaM levels ( Fig. 1) . The current density in the presence of elevated CaM was 34.8 ± 3.5 pA/pF, whereas for the cells expressing the S511D mutant and CaM the current density was 20 ± 2.5 pA/pF. Thus, CaM can enhance the activity of mutant channels as long as the mutation allows CaM to interact with helix A.
If CaM sites were present in the S511D mutant, channel function could be restored if the affinity for CaM were increased. We have shown that the linker connecting helix A and B is not directly involved in the interaction (Yus-Nájera et al., 2002) but, by serendipity, we found that after removal of this linker the S511D mutant recovers its function (see Fig. 2 and (Gomez-Posada et al., 2011) . To test if this functional recovery was mediated by CaM, we sought evidence of interactions and we found that CaM co-immunoprecipitated with a Kv7.2 subunit carrying the S511D mutation in the absence of the A-B linker. The partially restoration of CaM coimmunoprecipitation in this subunit (20% of the signal intensity obtained with WT subunits, Fig. 2A ) highlighted an unsuspected influence of the linker on CaM binding.
In addition, we found that this mutant is functionally indistinguishable from WT subunits in HEK293T cells when co-expressed with Kv7.3, probably because the presence of the Kv7.3 subunit in the heterotetramer stabilizes the interaction with CaM (not shown). Although other mechanisms cannot be discarded at this point, these results are sufficient to explain the functionality of this mutant channel.
We asked next if deleting the linker could also restore activity to helix A mutants, and this was indeed the case for the I340A mutant (Fig. 2) . By contrast, this deletion did not restore the function of the A343D mutant (n = 7) or the I340E mutant (GomezPosada et al., 2011) . In addition, the activity of the double I340A/S511D mutant was not restored by linker deletion (data not shown, n = 5). Furthermore, overexpression of CaM, with or without the linker, did not result in the formation of functional channels (data not shown, n = 5). In summary, the function of S511D and I340A mutant channels can be restored either by stabilizing the interaction with CaM or by increasing the CaM concentration.
The simplest way to explain the restoration of the S511D function is that CaM promotes trafficking to the membrane and thus, subunits with an extracellular tag were employed to examine their surface expression in mammalian cells. Transfected cells were surface immunostained and examined by epifluorescence followed by confocal microscopy ( Fig. 3) . The presence of this extracellular epitope in conjunction with an N-tagged fluorescent protein allowed us to monitor surface (red signal) and total expression (green signal) simultaneously in non-permeabilized cells, establishing a surface expression index as the ratio between surface and internal fluorescent signal.
Previously, we have shown that channels that combined the S511D mutation with a deletion of the linker between helices A-B had a surface expression close to that of WT channels, in keeping with the increase of CaM binding affinity afforded by the deletion of the A-B linker (see Fig. 4 in Gomez-Posada et al., 2011) . We found that the number of cells with channels expressed at the surface and the surface expression index nearly doubled when the CaM levels were increased, both in WT and S511D channels.
Although a CaM-dependent increase in surface expression was inferred in previous studies (Etxeberria et al., 2008; Alaimo et al., 2009; Etzioni et al., 2011) , this crucial point had not yet been shown directly. Thus, these results represent novel evidence strongly supporting the role of CaM in Kv7 trafficking.
We asked if CaM binding to helix A and helix B from different subunits could restore the function of mutant channels. Hence, we examined the functional impact of complementing S511D with a helix A mutant. Since the A343D mutant is incompatible with channel activity, whereas the function of the I340A mutant is dependent on there being sufficient CaM within the cell, the I340A mutant was used in these experiments.
No measurable current was observed in over 10 cells expressing homomeric S511D or homomeric I340A subunits ( Fig. 1) , whereas functional heteromeric I340A/S511D
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channels were expressed in 5 out of 15 cells (Fig. 4) . We do not know why not every cell expressing heteromeric mutant channels yielded currents. One possibility is that the basal levels of an unknown required factor oscillate, such that in some cells the resting concentration of such factor is sufficiently high to permit ER exit of heteromeric (with slightly enhanced CaM affinity) but not of homomeric mutant channels. The appearance of current in cells expressing heteromeric channels is very significant, and support the idea that the intact helix A and helix B sites of adjacent subunits can co-operate to increase the probability of observing CaM-dependent effects.
Thus, the functional data suggest that CaM binds simultaneously to both helices A and B, and are consistent with the idea that CaM can bridge two subunits in the tetrameric channel. To test this hypothesis, we sought biochemical evidence of such arrangement characterizing the interaction in vitro. Both sites that make up the Kv7. though it remained lower than the increase observed for the whole CaMBD (GST-AB).
By contrast, the apparent affinity of an equimolar mixture of the recombinant proteins was higher than that for helix B and similar to that of GST-AB, whereas the maximal fluorescence was indistinguishable from that obtained with site A alone, yet weaker than that observed for GST-AB. The same profile was obtained in the presence of Ca 2+ , despite the apparently lower affinity for all the ligands tested. These results indicate that both sites cooperate in CaM binding, as highlighted in Fig. 5F where the increase in DCaM fluorescence at low ligand concentrations is shown. At the ligand concentrations selected, there were no significant changes in fluorescent emission associated with the individual helices, in contrast to the emission produced by an equimolar mixture ( Fig.   5F ). Interestingly, the increase in fluorescence for the helix A-B tandem in the absence of Ca 2+ was lower than in the presence of this ion, indicating that the linkage of both helices has an impact in their interaction with CaM. Thus, while these results show that
CaM can bind to each individual site, consistent with previous reports (Yus-Nájera et , 2002; Wen and Levitan, 2002; Gamper and Shapiro, 2003) , the data also demonstrates that both sites cooperate to increase the apparent affinity for CaM, an interaction that is favored by the absence of Ca Table I ). These results indicate that both peptides cooperate for CaM binding, or in other words, that CaM binds simultaneously to both peptides with higher affinity than to each individual peptide alone. In a competition assay, we previously showed that a site A mutant
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that preserves an intact site B competes for D-CaM binding to other targets (Alaimo et al., 2009) , and we obtained similar results for the Q2AB-A343D mutant (Fig. 6 ).
Conversely, a significant interaction was not detected in this assay when helix B was removed (e.g., individual helix A, hA-A343D), supporting the view that the intact helix B mediated this effect. Moreover, in a similar approach, we show that the S511D site B mutant also competes for D-CaM binding (Fig. 6) , whereas a significant effect of a molar excess of the individual helix hB-S511D recombinant protein was not evident in the assay, suggesting that CaM interacts with the intact site A of the CaMBD Q2AB-S511D. Consistent with this interpretation, we found that the double A343D/S511D mutant did not compete for CaM binding (Fig. 6) . In other words, while the mutated helix B prevents D-CaM from adopting the conformation associated with increased fluorescence emission, it does not prevent it from interacting with the intact helix A of the CaMBD. Interestingly, there is "lag" in the titration curve that reflects the mild competition at low concentrations, yielding an S shaped curve. This effect is more pronounced for the site B mutant, and it suggests that CaM undergoes multiple transitions before reaching the final conformation.
When a mixture of mutant binding sites was assayed, it was evident that CaM can bind simultaneously to two Kv7.2 CaMBD (Fig. 7) . We previously showed that a that the increase was larger in absence of Ca 2+ and that the apparent affinity was comparable to that obtained for GST-AB. As expected, the double mutant did not yield any significant signal (Fig. 7) . Thus, these results support the hypothesis that CaM can bridge two Kv7.2 CaMBD sites.
Discussion
There are several points that emerge from the observations presented here. 
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). In some instances, such as co-immunoprecipitation, this failure could be attributed to the harsh denaturing condition required for protein isolation, whereas for other techniques the explanation must be more convoluted (Alaimo et al., 2009) . Our data introduce a note of caution when interpreting negative results from CaM co-IP, yeast two-hybrid and other biochemical assays.
The true affinity cannot be calculated directly from the competition assays, although they establish some boundaries for the impact of these mutations on the binding affinity.
If we assume that the reduction in fluorescence is directly related to the binding of the mutated protein, the upper limit for the binding affinity is about 0.15 µM for both helices in the absence of Ca 2+
, whereas the upper limit will be about 0.04 µM for the helix A A343D mutant and about 0.15 µM for helix B S511D mutant.
These results raise the issue of how much free apoCaM is available in the cell. There is general agreement that the abundance of holoCaM targets exceed the amount of total CaM, such that after calcification holoCaM is limiting. The concentration of free holoCaM when Ca 2+ is elevated has been estimated to be in the order of 50 nM, two to three orders of magnitude less than the total CaM within the cell (Black et al., 2004) .
The situation regarding apoCaM is more confusing and when direct observations of CaM availability have been attempted, contradictory results have been obtained due to technical limitations. It has been indirectly estimated that there is about 9 µM free apoCaM in HEK293 cells (out of a total of 25 µM (Black et al., 2004) ). However, other studies have shown that CaM motility is restricted within the cell, both under resting conditions (e.g., apoCaM) and in elevated Ca 2+ (e.g., holoCaM), suggesting that CaM is limiting under both conditions and that free apoCaM only exists at submicromolar concentrations (Sanabria et al., 2008) . The behavior of the S511D mutant favors the hypothesis that apoCaM is limiting in these cells. This issue is particularly important because apoCaM has an important role in signaling (Jurado et al., 1999; Etxeberria et al., 2008) and in many brain areas, free apoCaM levels are controlled by CaM-binding proteins like GAP43 (neuromodulin) and neurogranin (Xia and Storm, 2005) . By controlling the availability of CaM, neurogranin has a major impact on the NMDA receptor mediated long term potentiation of synaptic transmission (Zhong et al., 2009 ).
Elevated levels of neurogranin disrupt channel trafficking (Etxeberria et al., 2008) , and lowering the availability of free apoCaM in hippocampal neurons decreases the density of the M-current (Shahidullah et al., 2005) . Therefore, modulating free CaM availability may have more far reaching consequences than previously assumed.
The biochemical data shows that CaM can bind to either helix A or B, that the interaction is abolished by the A343D and S511D mutations in the respective helix but that it is preserved for the remaining intact helix, and that CaM can bind simultaneously to two different binding sites. Whereas the I340A and S511D mutants do not yield currents in HEK293 cells, functional channels are obtained when both mutants are coexpressed. The biochemical data indicated that the S511D mutation almost completely suppresses the interaction of CaM with helix B, whereas the functional data shows that channels carrying this mutation are functional as long as the interaction with helix A is preserved. Thus, it appears that while the interaction with helix B is more dispensable, that with helix A is essential for activity. However, CaM does not interact independently with each helix, as there is clear co-operativity for binding, and accordingly, a mutation in one helix affects the interaction with the entire CaMBD.
From the combined functional and biochemical data, a dynamic hypothesis emerges in which CaM anchors to the channel in at least two main configurations: one stapling helix A and B from the same subunit; and another bridging helix A from one subunit to helix B of an adjacent subunit. CaM will initially interact with helices A and B within one subunit or from two different subunits of the tetramer, and it may then oscillate between both configurations. The observation that helices A and B support ER exit when transplanted to a monomeric protein supports the proposal that the configuration in which CaM binds to helix A and B of the same subunit allows ER exit (Etxeberria et al., 2008; Alaimo et al., 2009 ). However, we cannot tell if the bridging arrangement allows ER exit or is just an intermediary step.
Two helices connected by CaM have been observed or inferred in several instances (Schumacher et al., 2001; Yap et al., 2003; Houdusse et al., 2006; Wang et al., 2008; Fallon et al., 2009; Zhang et al., 2012; Sarhan et al., 2012) , although the functional relevance of this engulfing arrangement has on occasion been brought into question (Kim et al., 2010 ). 
channels, although the "effector" site is rather distant from the anchoring site. Upon Ca 2+ binding the N-lobe replaces the C-lobe at the anchoring site, and the C-lobe grabs the "effector" site (Sarhan et al., 2012) . However, the situation for Kv7 does not conform to this model since both helices bind to CaM with or without Ca
2+
, and therefore, the ability to link two subunits is independent of CaM's calcification. It appears that CaM can dock into either helix, although the difference in binding affinities suggests that it is more probable that CaM first comes into contact with helix B before extending its contact surface to helix A. This opens the possibility for a plausible dynamic equilibrium, where the interaction surface could swing back and forth between helix B and helix A within the same or, as discussed above, in a different subunit.
Structural data and further experiments are required to substantiate this model of CaM interaction.
The ability to link adjacent subunits represents a molecular substrate to recognize if 
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Experimental procedures
Molecular biology -The human Kv7.2 (Y15065) cDNA was provided by T. Jentsch KCl, 2 CaCl 2 , 2 MgCl 2 , 10 HEPES (Na), 5 D-glucose, adjusted to pH 7.4 with NaOH.
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The osmorality was adjusted with mannitol to ~315 mOsm. Pipettes were pulled from borosilicate glass capillaries (Sutter Instruments, USA) using a Narishige micro-pipette puller (PC-10; Narishige Instrument Co., Japan). Membrane currents were measured using an EPC-8 amplifier (HEKA Instruments, Germany) with the pipette and membrane capacitance cancellation. Pipettes were filled with an internal solution
containing (mM): 125 KCl, 10 HEPES (K), 5 MgCl 2 , 5 EGTA, 5 Na 2 ATP, adjusted to pH 7.2 with KOH and the osmolarity adjusted to ~300 mOsm with mannitol. The pipette resistance was typically 2-3 MΩ. The amplitude of the Kv7 current was defined as the peak difference in current relaxation measured at -30 mV after 1,500 ms pulses to -120 mV (all channels closed) and to +50 mV (all channels opened). The data were acquired and analyzed using pCLAMP software (version 8.2), normalized in Excel Precleared lysates were incubated for 4 h at 4°C with protein G-anti-HA, and after four washes with immunoprecipitation buffer, the immunoprecipitated proteins were released by heating at 90°C 5 min in SDS sample buffer.
Surface expression and microscopy -Kv7.2 mutant subunits tagged with 2 HA epitopes in the extracellular loop connecting the S1 and S2 transmembrane domains were used for microscopy. To increase accessibility, the epitope was flanked with fragments from the extracellular D1-D2 loop of the ClC-5 chloride channel (Schwake et al., 2000) , modifying the sequence between transmembrane domains S1 and S2 to 115 KEYEKSSEGSEHYPYDVPDYAGYPYDVPDYAVTFEERDKCPEWNA 126 . In addition, the subunits were tagged at the N-terminus with mCerulean (CFP) to monitor total expression.
HEK293T cells were grown on 1 mg/mL poly-L-Lysine coated coverslips (Sigma, Madrid, Spain) and transfected with a calcium/phosphate precipitation protocol. Cells were fixed for 20 min with freshly diluted 3% paraformaldehyde in PBS 24 h after transfection, washed three times with PBS and then pre-incubated for 30 min with 5%
BSA. The primary antibody (anti-HA diluted 1:1,000 in blocking solution) was then added for 1 h, after which the cells were washed three times in 5% BSA in PBS and exposed for 1 h to the secondary antibody (AlexaFluor 594-conjugated goat anti-rat G  o  m  e  z  -P  o  s  a  d  a  J  C  ,  A  i  v  a  r  P  ,  A  l  b  e  r  d  i  A  ,  A  l  a  i  m  o  A  ,  E  t  x  e  b  e  r  r  i  a  A  ,  F  e  r  n  a  n  d  e  z  -O  r  t  h  J  ,  Z  a  m  a  l  l  o  a  T  ,  R  o  u  r  a  -F  e  r  r  e  r  M  ,  V  i  l  l  a  c  e  P  ,  A  r  e  s  o  P  ,  C  a  s  i  s  O  ,  V  i  l  l  a  r  r  o  e  l  A  (  2  0  1 :  e  2  5  5  0  8  .   H  e  u  s  s  e  r  K  ,  Y  u  a  n  H  ,  N  e  a  g  o  e  I  ,  T  a  r  a  s  o  v  A  I  ,  A  s  h  c  r  o  f  t  F  M  ,  S  c  h  w  a  p  p  a  c  h  B  (  2  0  0  6  )  S  c  a  v  e  n  g  i  n  g  o  f  1  4  -3  -3  p  r  o  t  e  i  n  s  r  e  v  e  a  l  s  t  h  e  i  r  i  n  v  o  l  v  e  m  e  n  t  i  n  t  h  e  c  e  l  l  -s  u  r  f  a  c  e  t  r  a  n  s  p  o  r  t  o  f  A  T  P  -s  e  n  s  i  t  i  v  e  K   +   c  h  a  n  n  e  l  s  .  J  C  e  l  l  S  c  i  1  1  9  :  4  3  5  3  -4  3  6 3 . ± 7.2 mV, S = 15.7 ± 5.9, Dmax = 28.3 ± 3.0 pA/pF; I340A-Del6: V 1/2 = -26.3 ± 9.5 mV, S = 14.4 ± 7.9, Dmax = 34.6 ± 4.8 pA/pF. , respectively). D-CaM was mixed with GST-AB and then each mutant protein was added incrementally at the concentrations indicated. The data represent the means ± standard error from three or more independent experiments. The error bars were smaller than the symbols. GST alone had no effect of D-CaM fluorescence emission. hA + hB 80 ± 0.5 12.1 ± 0.1 2.6 ± 0.1 (5) 76 ± 3.7 21.3 ± 2.2 2.3 ± 0.5 (5) pA 75 ± 3.9 49.2 ± 4.9 2.7 ± 0.6 (5) 96 ± 7.1 68.7 ± 9.9 1.7 ± 0. 33 ± 1.5 8.5 ± 1.1 1.9 ± 0.5 (4) 17 ± 1.1 22.9 ± 2.9 2.5 ± 0.7 (4) h: Hill coefficient; n: number of independent experiments; EC 50 : concentration producing 50% of maximal effect; N.D.: Not determined.
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